INTRODUCTION D
URING THE LAST DECADE, small synthetic singlestranded oligodeoxynucleotides (ODN) have been used to make targeted, specific, and permanent changes to homologous regions within the genome (Andersen et al., 2002; Igoucheva et al., 2004a,b; Kren and Steer, 2002; Liu et al., 2003a; Parekh-Olmedo et al., 2005) . In spite of a large accumulation of data, the mechanism underlying gene modification by ODN remains to be elucidated. It has been shown that different cell types exhibit inherently different repair rates, and the status of replication and transcription of the targeted gene affects the rates of gene modification by ODN. It is expected that multiprotein complexes may be required to coordinate the repair process. At present, biochemical and genetic approaches to investigate this process encounter many difficulties because of the complexity of proteins participating in the repair process and the redundant activities of different homologs.
ODN-mediated gene alteration has been postulated to occur in two steps, DNA strand pairing and DNA repair. To date, two different mechanistic models have been proposed. In one model, the strand pairing is considered to be the rate-limiting step, where the ODN is brought into homologous register to the targeted site presumably by proteins in the RAD52 epistasis group involved in recombination (Liu et al., 2003a; Parekh-Olmedo et al., 2005) . Once the alignment has occurred, ODN is assimilated into the homologous double-stranded region of the targeted sequence by forming a D-loop, and a single mismatch is generated between the ODN and one of the target strands. Because the D-loop contains a mismatch to the target DNA, it has been suggested that proteins involved in DNA mismatch repair (MMR) participate in the processing of joint molecules. Once the mismatched base pair is corrected by DNA repair enzymes, the ODN is released from the target site, perhaps through dissociation. We proposed an alternative model, in which a single-stranded region of the target DNA generated during active transcription facilitates homologous pairing of ODN (Igoucheva et al., 2003 (Igoucheva et al., , 2004a . This transient formation of a D-loop can interrupt the trafficking of RNA polymerase, and the stalled RNA polymerase may signal for recruitment of DNA repair proteins, including transcription-coupled DNA repair (TCR) and nucleotide excision repair (NER) pathways. The D-loop is then converted to the resected D-loop by endonucleases, which cleave the single-stranded region of the D-loop, causing integration of ODN to the target DNA. The gaps between ODN and template can then be filled and ligated. TCR or other repair pathways can repair the generated mismatch.
Recently, we reported a large transcriptional induction in many genes involved in multiple DNA repair pathways, including MMR and NER, on introduction of plasmid DNA into CHO-K1 cells (Igoucheva et al., 2006) . The presence of single-stranded oligonucleotides or short duplexes consisting of two complementary oligonucleotides did not affect cellular response, indicating that the induction was highly dependent on the structure and length of exogenous DNA. Interestingly, the extent of induction of DNA damage, signaling, and DNA repair activities correlated with episomal gene correction frequencies. Our data suggest that efficient episomal gene targeting occurs presumably due to the induction of key components of intracellular DNA repair proteins that support ODN-mediated gene alteration in response to exogenous dsDNA.
In this study, we investigated whether a specific repair pathway is required for gene correction by comparing the level of gene correction by ODN among genetically related cell lines that are defective in specific genes involved in DNA repair, including NER, TCR, and MMR pathways. Comparison among several genetically related cell lines harboring a specific defective gene and complementation of missing activities showed that a primary pathway for gene correction involves some of the proteins participating in NER and TCR, but not MMR.
MATERIALS AND METHODS

Plasmid and oligonucleotides
Construction of pCH110-G1651A was described previously (Igoucheva et al., 1999) . The mammalian vector pCH110-G1651A contains the LacZ gene with an inactivating point mutation (G to A) at position 1651, which results in an amino acid substitution of E526K that completely inactivates the ␤-galactosidase enzymatic activity. Plasmid DNA was prepared by large-scale DNA preparation (Qiagen, Santa Clara, CA). The sequence of X1-ODN (5Ј-uuuuTGATTAGCGCCGTGGCCTGATTCATTCCCCAGCGACCAGATGATCuuuuT-3Ј) is complementary to the nontranscribed strand of mutant LacZ gene (Igoucheva et al., 2001) . X1-ODN is designed to restore the enzymatic activity of the mutant ␤-galactosidase by incorporation of a single mismatch to the targeted base (underlined). The 5Ј-end and 3Ј-end of the ODN contain four 2Ј-O-methyl uridine residues for protection from nuclease degradation. The oligonucleotides were synthesized by the standard phosphoramidite procedure using 1 mole scale (Nucleic Acid Core Facility, University of Pennsylvania, Philadelphia, PA) and purified by HPLC, as described previously (Igoucheva et al., 2001 ).
Cells and tissue culture conditions
F12K, DMEM, and Alpha-MEM media without ribosides/deoxyribosides and fetal bovine serum (FBS) were purchased from Cellgro (Herndon, VA) and Biowhittaker (Wakersville, MD), respectively. All media were supplemented with 2 mM L-glutamine. CHO-K1 cells (ATCC, Rockville, MD) and were maintained in F12K medium containing 10% heat-inactivated FBS. Mouse embryonic fibroblasts, MSH2
ϩ/ϩ and MSH2
Ϫ/Ϫ
, isolated at E12-13s day, were kindly provided by Dr. R. Fishel (Thomas Jefferson University, Philadelphia, PA) and were maintained in a DMEM medium containing 10% heat-inactivated FBS. The parental CHO-K1 cell line CHO-AA8 and its derivatives, which are defective in NER and include UV20(ERCC1), UV5(ERCC2), UV24(ERCC3), UV41(ERCC4), and UV135 (ERCC5), were purchased from ATCC. UV61(CSB), UV41cER4.34.1, and 135HL9 cell lines were kindly provided by Dr. Larry Thompson (Lawrence National Laboratory, Livermore, CA). All NER-deficient cell lines were maintained in Alpha-MEM medium without ribosides and deoxyribosides supplemented with 10% FBS.
Transfection and detection of gene correction
For episomal experiments, all cell lines were seeded in 6-well plates. Usually 50%-60% confluent cultures were used for transfection. Oligonucleotide (4.8 g) and plasmid DNA (2.0 g) were preincubated with FuGENE 6 (Roche Applied Science, Indianapolis, IN) at a ratio of 3:2 (w/w) in 100 L OptiMEM for 20 minutes at ambient temperature. The DNA/liposome complex was added directly to cells containing 2 mL complete growth medium. Cells were analyzed by histochemical staining using Xgal solution 48 hours after transfection, as described previously (Igoucheva et al., 2001) .
To investigate if direct supplementation of proteins to the defective cell lines affects correction rates, the purified recombinant human ERCC1/XPF and XPG proteins were transfected to UV41 cells and UV135 cells, respectively. Details of construction of recombinant baculoviruses and purification of each protein have been published (Enzlin and Scharer, 2002; Hohl et al., 2003) . Proteins were delivered into cells prior to episomal transfection by combining 1 g recombinant protein and 10 L Pro-Ject transfection reagent (Pierce, Rockford, IL) according to the manufacturer's instructions. As a control, an equal amount of EGFP protein (Invitrogen, Carlsbad, CA) was used. After 4 hours, protein complexes were removed, and cells were transfected with plasmid DNA and ODN and assayed as described.
Western blot analysis
Cells were lysed in a buffer containing 50 mM TrisHCl, pH 7.4, 1% sodium-deoxycholate, 1% Triton X-100, 0.1% SDS, 0.15 mM NaCl, 1.5 mM EDTA, and protease inhibitors. Proteins were separated by 7% SDS-PAGE and transferred to PVDF membranes, followed by Western blot analysis using monoclonal anti-MSH2 (Ab1) antibodies (Oncogene Research Products, Boston, MA), monoclonal anti-XPF (Ab3299) antibodies (Abcam Inc., Cambridge, MA), or monoclonal anti-XPG (Ab46) antibodies (Abcam Inc.). Immunocomplexes were detected by using horseradish peroxidase (HRP)-labeled antimouse secondary antibodies (Promega, Madison, WI) and visualized using SuperSignal West Femto substrate (Pierce).
D-loop formation by RecA and resection by S1 nuclease
The formation of synaptic complexes was carried out between the RecA-ODN filament and the duplex plasmid DNA, pCH110-G1651A, as described previously (Igoucheva et al., 2003) . Initially, the 32 P-5Ј-labeled ODN (84 nM) was preincubated with 2.0 g of Escherichia coli RecA protein (New England Biolabs, Beverly, MA) in a reaction buffer containing Tris-HCl, pH 7.4, 1 mM DTT, 1.0 mM Mg(OAc) 2 , 0.3 mM ATP␥S, 100 mg/mL bovine serum albumin (BSA) in a total volume of 20 L for 15 minutes at 37°C. Oligonucleotides used were 32 P-5Ј-end labeled by T4 kinase with a specific activity of 10 17 cpm/mol. After presynaptic filament formation, the strand exchange reaction was performed with pCH110-G1651A plasmid (21 nM) in the presence of 10 mM Mg(OAc) 2 for 5 minutes at 37°C. Synaptic complexes were deproteinized by the addition of 1% SDS for 15 minutes. RecA and SDS were subsequently removed from the reaction mixture by precipitation with 100 mM KCl and centrifugation. The joint complexes were further purified from unbound ODN using a CHROMA SPIN-400 column (Clontech, Palo Alto, CA). To identify joint molecules, an entire sample was analyzed by 0.8% agarose gel electrophoresis in TBE buffer containing 2 mM MgCl 2 at 40°C. The gel was visualized by ethidium bromide staining and subsequently dried. Joint molecules were detected by autoradiography.
To generate resected D-loops, purified joint molecules consisting of pCH110-G1651A plasmid DNA and ODN were incubated with S1 nuclease (0.1 U/L) for 30 minutes at 37°C. S1 nuclease at 0.1 U/L converted 80% of DNA from supercoiled to relaxed circle DNA without further degradation, as detected by ethidium bromide staining. The reaction was stopped by the addition of 25 mM EDTA. Resected D-loop was then purified using the CHROMA SPIN-400 column and assayed on 0.8% agarose gel electrophoresis in TBE buffer containing 2 mM MgCl 2 at 4°C. The gel was visualized by ethidiumbromide staining and subsequently dried. Joint molecules were detected by autoradiography.
Endonuclease assay
Nuclease reaction mixtures contained 100 fmol purified D-loop substrate and 200 fmol ERCC1/XPF protein (or as indicated) in a reaction buffer (V ϭ 40 L) containing 25 mM HEPES, pH 8.0, 40 mM NaCl, 10% glycerol, 0.5 mM ␤-mercaptoethanol, 0.1 mg/mL BSA, and 0.4 mM MnCl 2 . When XPG protein was used, reactions were performed in 25 mM Tris-Cl, pH 6.8, 30 mM KCl, 10% glycerol, 2.5 mM ␤-mercaptoethanol, 0.5 mg/mL BSA, and 0.5 mM MnCl 2 . Reaction mixtures were incubated at 30°C for 2 hours and then loaded onto a 0.7% agarose gel containing 1 ϫ TAE and run at 75 V for 2 hours at ambient at room temperature. Reaction products were visualized by ethidium bromide staining.
RESULTS
Episomal targeting in MMR and NER-deficient cell lines
In order to determine the factors influencing the gene repair process, we previously investigated transcription profiles of a variety of genes involved in genome stability/repair pathways in CHO-K1 cells under conditions mimicking episomal targeting (Igoucheva et al., 2006) . Our array data indicate that the presence or perturbation of long dsDNA, but not ODN or short duplex DNAs, induces many genes responsible for sensing DNA damage and DNA repair, including ATR (ataxia telangiectasiaRad3-related)-dependent signaling, NER, and MMR. Interestingly, expression levels of many genes participating in NER and MMR were dramatically upregulated by introduction of plasmid DNA compared with the basal level expression: ERCC1 (ϫ 13.4), ERCC2 (ϫ 11.2), ERCC3 (ϫ 9.7), ERCC4 (ϫ 10.9), ERCC5 (ϫ 8.1), ERCC6 (ϫ 11.7), XPA (ϫ 12), XPC (ϫ 11.4), PCNA (ϫ 15.2), and RPA (ϫ 9.6). Similarly, genes involved in MMR showed significant increases in hybridization signals: MSH2 (ϫ 8.3) and MSH3 (ϫ 5.9). These cellular responses to the introduced dsDNA were general phenomena and did not depend on transfection reagents, sequence, or transcriptional status of plasmid DNA. The extent of induction of DNA damage, signaling, and DNA repair activities correlated with episomal and chromosomal gene correction frequencies (Igoucheva et al., 2006) . Our data suggest that efficient episomal gene targeting occurs presumably due to the induction of key components of intracellular DNA repair proteins that support ODN-mediated gene alteration, in response to exogenous DNA.
To investigate if the transcriptional induction of genes involved in specific DNA repair pathways, NER and MMR, has a functional role in ODN-directed gene repair, we performed episomal targeting in several genetically related cell lines with a specific defective NER gene and compared their targeting frequencies. Before experiments were conducted, transfection of each cell line was optimized by using the wild-type LacZ plasmid DNA. Under optimal conditions, the CHO-AA8 cell line and its derivatives exhibited 60%-70% of transfection efficiency.
First, we investigated whether the observed significant induction of genes participating in NER may contribute to ODN-directed gene correction. Because of the stability of chromosomes and easy manipulation of cells, CHO cells have been used extensively for DNA repair studies, and many CHO-AA8 cell lines with a defect in specific NER genes have been generated and tested for their DNA repair activities (Thompson, 1998; Thompson et al., 1987) . Complementation group analysis of UV-sensitive CHO mutants helped identify multiple genes that overlapped with the groups of cancer-prone xeroderma pigmentosum, as well as Cockayne syndrome. The CHO NER complementation groups 1-5 were used to clone the complementing human ERCC genes. The ERCC2 and ERCC3 genes encode the ERCC2/XPD and ERCC3/XPB helicases, respectively, which are components of the TFIIH transcription/repair complex and are involved in unwinding the DNA in the vicinity of the lesion. The ERCC1, ERCC4, and ERCC5 genes encode two junction-specific nucleases: the ERCC1-ERCC4/XPF endonuclease complex, which incises on the 5Ј-side of the lesion and the ERCC5/XPG endonuclease, which incises on the 3Ј-side of the lesion. ERCC6 encodes the Cockayne syndrome group B (CSB) protein, which is involved in coupling excision repair and transcription. Using the same episomal approach, we tested the parental CHO-AA8 cell line and its derivatives, which are defective in NER, including ERCC1, ERCC2, ERCC3, ERCC4, ERCC5, and ERCC6. A 2-3-fold reduction in gene correction frequency was observed in ERCC1, ERCC4, ERCC5, and ERCC6, in comparison to AA8, ERCC2, and ERCC3 cells (Fig.  1A) . It is of interest to note that gene correction frequency in cell lines with defective helicases, ERCC2 and ERCC3, was not affected, whereas it was reduced in cell lines defective in endonuclease complexes responsible for making a dual incision, ERCC1/ERCC4 and ERCC5. Moreover, ERCC6 cells, which are defective in recruiting DNA repair proteins to the transcribed strand, also showed reduced gene correction frequency.
In order to show more direct evidence that two endonucleases participating in NER are essential, correction rates were compared between ERCC4 (UV41) and ERCC5 (UV135) defective lines and those lines genetically complemented with human XPF (UV41cER4.34.1) and XPG (135HL9), respectively (Brookman et al., 1996; Thompson et al., 1987) . The complemented cell lines were tested for the presence of human proteins and showed a high level of XPF and XPG, respectively (Fig.  1B,C) . When episomal targeting was performed, both complemented cell lines restored the correction rates, similar to the wild-type AA8 cells (Fig. 1D, column 2) . To investigate if the direct supplementation of proteins to the defective cell lines affects correction rates, the purified recombinant human ERCC1/XPF and XPG proteins were transfected to UV41 cells and UV135 cells, respectively, prior to episomal targeting experiments. In both cases, gene correction frequency was increased about 2-fold (Fig. 1D, column 3) , indicating that recombinant proteins were able to complement the deficient activity of the mutant cell lines. Transfection of the control EGFP protein did not affect correction rates (data not shown).
Because CHO cell lines with defective MMR genes are not available, we then investigated the role of MMR by using two genetically related mouse embryonic fibroblasts, MSH2
Ϫ/Ϫ
, isolated at E12-13 days. Binding of a Muts homolog 2 protein (Msh2) to a mismatch or a small insertion-deletion DNA lesion initiates a cascade of events necessary for MMR (Modrich and Lahue, 1996) . Both mouse fibroblasts exhibited similar transfection efficiency, 60%. The absence of Msh2 protein in the MSH2 Ϫ/Ϫ cell culture was verified by Western blot analysis using monoclonal Msh2 antibodies ( Fig.  2A) . For episomal targeting, MSH2
Ϫ/Ϫ and MSH2
ϩ/ϩ cells were cotransfected with pCH110-G1651A plasmid and ODN as described in Materials and Methods and analyzed by histochemical staining for the presence of active ␤-galactosidase. The mouse fibroblasts showed greatly reduced correction rates compared with CHO-K1 cells. However, the number of phenotypically corrected blue cells ranged between 200 and 250 cells/well of a 6-well plate for both the MSH2 Ϫ/Ϫ and MSH2 ϩ/ϩ cell lines and did not show any statistically significant differences among four independent experiments (Fig. 2B) . Taken together, these results suggest that a primary pathway for gene correction involves some of the proteins participating in NER, primarily two endonucleases processing a DNA lesion, but not MMR.
Activity of purified human endonucleases on Dloop substrates
To further define the role of nucleotide excision nucleases in ODN-mediated gene repair, we performed a se- ries of in vitro experiments to investigate if the structurespecific nuclease can cleave D-loop structures. Joint molecules were made between the supercoiled plasmid DNA and ODN by using RecA protein to facilitate the formation of synaptic complex, as described previously (Igoucheva et al., 2003) . After removal of RecA and unbound ODN, formation of a D-loop was monitored by incorporation of the 32 P-5Ј-labeled ODN into the homologous plasmid DNA, as described in Materials and Methods. As seen in Figure 3B (lane 1), the absence of any incorporated radioactivity associated with the plasmid DNA indicates that D-loop formation is completely dependent on the presence of RecA. Longer RecA incubation with the plasmid DNA increased joint molecule formation (Fig. 3B, lanes 2-4) . The efficiency of the complex formation by RecA was about 25%-35%, as estimated by counting the radioactivity incorporated into the supercoiled DNA (Fig. 3B) . The more slowly migrating DNA species represent either a nicked or an open circle. These species also promoted ODN assimilation, although at a reduced efficiency relative to the supercoiled DNA.
To determine if D-loops can be cleaved by the structure-specific endonucleases, ERCC1-XPF and XPG, the purified D-loops were incubated with each protein alone or in combination, as described in Materials and Methods. Both ERCC1/XPF and XPG are endonucleases, which cleave the junction between ssDNA and dsDNA. Several controls have been used to show that the cleavage is specific for these endonucleases. When ODN was omitted from the reaction, no cleavage was detected, indicating that ERCC1/XPF and XPG do not cleave the supercoiled DNA (Fig. 4A) . Similarly, no cleavage was obtained when RecA was excluded from the reaction. In contrast, when the preformed D-loops were incubated with ERCC1/XPF and XPG, respectively, almost 50% of the supercoiled DNA was converted to a more slowly migrating form, open circle DNA. Interestingly, when both proteins were included in the reaction, the extent of conversion was similar to that of an individual protein, indicating that each protein cleaved only at the junction of ssDNA and dsDNA.
This specific cleavage by endonucleases contrasts with the cleavage by unspecific S1 nuclease, which removes single-stranded termini from dsDNA, thus yielding 5Ј-phosphorylated products. When the preformed D-loop was incubated with S1 nuclease, the majority of the supercoiled DNA was converted to slowly migrating species, both open circle and linear DNA (Fig. 4B) . By contrast, cleavage by ERCC1/XPF did not yield any linear form even at a higher concentration of nucleases (Fig.  4C) . When the molar ratio of the plasmid DNA/protein was 1:2, only 50% of the supercoiled DNA was converted to the open circle DNA. When the ratio was increased to 1:4 and 1:6, however, 90% of supercoiled DNA was converted to open circle DNA, but no linear form was detected. These results confirm the structurespecific cleavage of endonucleases of D-loop. Cleavage site mapping in most biochemical studies used small and well-defined substrates, splayed-arm, stem-loop, and bubble-shaped artificial substrates (Enzlin and Scharer, 2002; Hohl et al., 2003; Matsunaga et al., 1996; O'Donovan et al., 1994; Park et al., 1995) . In this study, a supercoiled large plasmid of 7 kb is the target for endonuclease 
A B
cleavage, and it is difficult to map the precise position of cleavage. Specific conversion of supercoiled DNA to nicked circle form was observed by endonuclease cleavage. Several controls (Fig. 4A) and comparison of the cleavage by unspecific S1 nuclease (Fig. 4B) confirm the structure-specific cleavage of endonucleases of the Dloop.
DISCUSSION
Using genetic and biochemical approaches, we show that endonuclease complexes participating in NER, ERCC1/XPF and XPG, facilitated ODN-directed gene alteration. Our data suggest that a primary pathway for gene correction involves some of the proteins participating in NER and TCR, but not MMR. The mechanism of gene correction has been postulated to occur in two steps, DNA strand pairing and DNA repair. Once alignment has occurred through homologous strand pairing, a single mismatch is formed between an ODN and one of the target strands. Because of this mismatch, it has been suggested that proteins involved in MMR participate in the process. This notion was supported by the initial report that the absence of Msh2 protein reduced the level of gene correction (Cole-Strauss et al., 1999) . Msh2 plays an important role in the recognition and binding to a mismatch and a small insertion-deletion, in complex with Msh6 and Msh3, respectively (Modrich and Lahue, 1996) . The essential role of Msh2 in the postreplicative MMR process has been firmly established, as the binding of Msh2/Msh6 heterodimer to the mismatch is the first critical step, which commences the subsequent biochemical steps, DNA conformational changes and recruitment of other proteins, for completion of repair process (Modrich and Lahue, 1996) .
Data accumulated from several species and different systems, however, indicate that MMR does not play an important role in ODN-directed repair and may, in fact, have an antagonistic effect. Some mismatches created by ODN and the target DNA were repaired more efficiently than others in MMR-proficient E. coli strains (Li et al., 2003) . Nevertheless, the overall rates of ODN-mediated gene modification were similar between mismatch-competent and deficient E. coli strains. In yeast, the frequency of gene correction by ODN either did not change appreciably or actually increased in the absence of MMR activities of MutS and MutL homolog proteins (Gamper et al., 2000; Rice et al., 2001) malian cell extracts (Cole-Strauss et al., 1999) . In contrast, the mouse embryonic stem (ES) cells lacking Msh2 activity showed much greater modification rates than the wild-type ES cells (Dekker et al., 2003) . This antagonistic effect of MMR during recombination reflects the interaction of MMR factors to block or reverse the attempted heteroduplex formation (Evans and Alani, 2000; Pichierri et al., 2001) . In this study, we found that MSH2 Ϫ/Ϫ mouse embryonic fibroblasts were as efficient in gene correction as the genetically related MSH2 ϩ/ϩ fibroblasts in episomal targeting. Thus, MMR does not appear to play a significant role in ODN-directed gene modification.
On the other hand, we show in this study, by comparing correction rates among seven genetically related CHO-AA8 cell lines, harboring a specific nonfunctional gene participating in these DNA repair pathways, that several genes participating in NER and TCR facilitated gene repair. NER is a highly versatile DNA damage removal pathway that repairs many different types of DNA lesions. In global genome repair, the DNA helix-distorting NER lesions can be detected by an XPC/hHR23B complex (Hanawalt et al., 2003) . Detection of a lesion attracts TFIIH, which creates a 20-nucleotide opening around the lesion via two helicases (XPB and XPD). This opening is further stabilized by XPA and RPA, and two structure-specific endonucleases are recruited to the 5Ј-side and 3Ј-side of the lesion to make a dual incision. The XPG, positioned by TFIIH and RPA, makes the 3Ј-incision, and the ERCC1/XPF complex makes the second incision at the 5Ј-side of the lesion. The CHO cells defective in ERCC1, XPF, and XPG, the structure-specific endonucleases that make dual incisions around the lesion, showed 2-3 times lower gene correction frequency than the wild-type CHO-AA8 cell line or CHO-AA8 cells with defective XPB and XPD, two helicases participating in opening the DNA duplex around a lesion to form a bubble-shaped structure. In addition, genetic and protein complementation of human XPF and XPG activities in the defective lines restored correction rates, similar to the wild-type. The marginal decrease in gene correction rates in CHO cells defective in endonucleases indicates the redundancy in enzymatic activities of DNA repair proteins, as multiple DNA repair pathways can process a single lesion and share common proteins. For example, other nucleases might also contribute to this process; another nuclease, MRE11, was also shown to increase repair rates in Saccharomyces cerevisiae (Liu et al., 2003b) . Overall, our data indicate that the endonuclease complexes, ERCC1/XPF and XPG, facilitated ODN-directed gene alteration.
It is interesting to note that many genes participating in NER were upregulated on introduction of dsDNA, but only some of them affected the efficiencies of episomal gene targeting. The activity of two helicases, XPB and XPD, does not appear to be necessary for episomal gene correction, suggesting that strand pairing by ODN to the target sequence is sufficient to open the duplex for Dloop formation. Our previous studies indicate that the primary reason for efficient gene repair exhibited by ODN is its increased accessibility to the nontranscribed strand and, as a consequence, increased formation of D-loop during active transcription (Igoucheva et al., 2003) . Recently, Sarker et al. (2005) reported that XPG binds transcription bubbles through two domains not required for incision and functionally interacts with CSB on these bubbles to stimulate its ATPase activity. These results implicate coordinated recognition of stalled transcription by XPG and CSB in TCR initiation and suggest that TFIIH-dependent remodeling of stalled RNA polymerase II (RNAPII) without release may be sufficient to allow repair. The decrease in correction frequencies in XPGdeficient and CSB-deficient cell lines found in this study supports the notion that transient formation of a D-loop can interrupt the trafficking of RNAP, and the stalled RNAP, may signal for recruitment of DNA repair proteins, including NER endonucleases, presumably through the TCR pathway. We further showed that a resected Dloop, in which its single-stranded region was cleaved, exhibited much higher gene repair activity than the D-loop itself. These results suggest that the initially formed Dloop could be further processed to a resected D-loop, a more stable downstream intermediate for gene repair (Igoucheva et al., 2003) . A cleavage in the singlestranded region of the D-loop was shown to stabilize the intermediate and advance the reaction toward a recombinant product (Chiu et al., 1997) . The complementation data presented in this study strengthen our original model that two endonucleases participating in the NER pathway may process a D-loop to a resected D-loop. In addition, the specific cleavage of a D-loop by the structure-specific endonucleases, purified recombinant ERCC1/XPF and XPG proteins, supports the notion that these endonucleases may participate in the resection of the transiently formed D-loop during transcription.
In addition to NER, ERCC1/XPF and XPG have been shown to function in other DNA repair pathways and homologous recombination. ERCC1/XPF plays a role in NER-independent interstrand cross-link repair and homologous recombination via single-strand annealing (Niedernhofer et al., 2001 (Niedernhofer et al., , 2004 . XPG was shown to be important for the assembly of NER preincision complexes independent of nuclease function (DunandSauthier et al., 2005; Wakasugi et al., 1997) . Both XPG and XPF knockout mice exhibit extremely severe phenotypes, including growth retardation and early death, in addition to hypersensitivity to UV irradiation (Tian et al., 2004a,b) . ERCC1 has been shown to be essential for targeted gene replacement in mouse ES cells and has been postulated to initiate resolution of the stalled intermedi-ate during branch migration (Niedernhofer et al., 2001 (Niedernhofer et al., , 2004 . It is worth noting that CHO cells deficient in ERCC1 showed only a slight decrease in ODN-directed gene correction. The difference could be attributed to the nature of the ERCC1 mutation in CHO cells vs. knockout of the gene in the mouse ES cells or to the length of DNA involved in strand pairing. Furthermore, ERCC1/XPF and XPG can cleave the R-loops formed in the switch regions of immunoglobulin heavy chain during class switch recombination (Tian and Alt, 2000) . Thus, it is plausible that some of these nuclease-independent activities of ERCC1/XPF and XPG also might contribute to ODN-directed gene alteration.
At present, the potential applicability of gene repair by ODNs is limited by the low frequency of correction. Together with the development of tools for efficient delivery methods and manipulation of stem cells, mechanistic studies to identify the rate-limiting step and critical proteins involved in the gene correction process will undoubtedly play an important role in designing rational approaches toward increasing targeting efficiency. Mechanistic studies have indicated that ODN could cause a transient but major structural change in DNA, which in turn elicits multiple DNA repair pathways in conjunction with transcription and replication. Thus, DNA damage recognition and repair pathways processing this unusual DNA structure may have relevance in understanding such physiologic processes as transcription and DNA replication.
